A Rotary-die equal-channel angular pressing (RD-ECAP) process was applied to improve the impact toughness of Al-11mass%Si eutectic alloy (AC8A). RD-ECAP was effective at improving impact toughness: the impact toughness increased as the number of pressings increased. In addition, the effects of heat treatments on impact toughness were investigated. When samples were heat-treated under the T6 condition before the RD-ECAP process, they exhibited a higher impact toughness than the samples without T6 treatments. The absorbed energy of the heattreated samples followed by RD-ECAP 4 times was 4.32 J/cm 2 , which was much higher than that of the non-heat-treated samples, 2.89 J/cm 2 , and three times higher than the value of the heat-treated but non-processed samples, 1.08 J/cm 2 . The results show that the combination of the T6 treatment and the RD-ECAP process is more effective at improving the impact toughness, compared to applying the RD-ECAP process alone.
Introduction
In recent years, equal-channel angular pressing (ECAP) has attracted a great deal of attention in producing ultra-fine grained microstructure alloys, because there is no sample dimensional changes after processing, hence the pressing time is theoretically limitless. [1] [2] [3] [4] [5] [6] [7] [8] After ECAP processing, the alloy usually has a fine-grained microstructure ranging from several hundred nanometers to several microns. 9, 10) Therefore, ECAP is an attractive process for improving the mechanical properties of metallic materials. However, it takes an extensive amount of time to process one billet because it is necessary to re-insert the billet into the channel repeatedly. In order to make this process more efficient, Nishida developed a new ECAP process by attaching a rotary die, namely RD-ECAP. 11) Using this RD-ECAP equipment, the pressing time for up to 16 pressings was performed in 8 minutes on aluminum and magnesium alloys which obtained a fine-grained microstructure. 12, 13) It is known that the cast Al-11mass%Si eutectic alloys are usually used for automobile engine pistons because of their good mechanical properties, which include good wear resistance and low expansion coefficient at elevated temperatures. However, the alloy exhibits brittle properties at room temperature. In order to improve the mechanical properties, the alloy is usually heat-treated under T6 conditions (solution treatment followed by artificial aging). During solution treatment, the eutectic silicon particles in the alloy become rounded but agglomerated. During artificial aging, fine particles of intermetallic compounds separate out from the aluminum solution. However, controlling the microstructure of this alloy using this method has only limited results with heat treatment. Therefore, severe plastic deformation which occurs with the RD-ECAP process, can be used to control the microstructure of this alloy, grain refinement, the particle size and the distribution.
Therefore, the aim of the present work is to enhance the impact toughness for the Al-11mass%Si alloy through T6 heat treatment and the RD-ECAP processing, and to reveal the effect of T6 treatment and the relationship between the impact toughness and the RD-ECAP time under these conditions.
Experimental Procedures
The cast JIS AC8A alloy containing 11.3%Si, 1.0%Cu, 1.13%Mg, 1.10%Ni and 0.277%Fe chemical composition was used. The T6 treatment was carried out before the RD-ECAP process. The solution treatment was performed at 783 K for 4 hours in an electric furnace, and the artificial aging was performed at 443 K for 10 hours in an oil bath.
RD-ECAP processing was performed in an electric furnace from beginning to end. The size of the billet for RD-ECAP is 19.5 mm in diameter and 40 mm in length. RD-ECAP was performed at 573 K, 623 K or 673 K for 4, 8 and 16 times, respectively. As described in the literature, 11) RD-ECAP can permit a continuous pressing cycle without billet removal.
Impact test pieces were cut from the billet along with the longitudinal direction. The size of the test pieces were 3 mm Â 4 mm in cross-section and 34 mm in length with a U-notch of 1.5 mm in width and 1.5 mm in depth. Six pieces were cut from one billet. A computer aided instrumented Charpy impact test system was used for the impact testing. An optical microscope and a transmission electron microscope (TEM) were used for the observation of the microstructures. A scanning electron microscope (SEM) was applied to inves-tigate the fracture surface and the side surface in the deformed area.
Experimental Results

Microstructures
Microstructures of the un-processed AC8A alloys are shown in Fig. 1 , (a) as-cast and (b) heat-treated under T6 conditions. The microstructure of this alloy includes alpha phase (aluminum), eutectic silicon and particles of the intermetallic compounds, which were reported to be Mg 2 Si, Al 4 CuNi, Al 9 FeNi, Al 6 Cu 3 Ni and Al 3 Ni etc. 14) In the as-cast alloy, the eutectic silicon of thin plates and the large particles of the intermetallic compounds mainly exist between the aluminum grain boundaries or the dendrite arms. After T6 treatment, the silicon particles were rounded but agglomerated, and the sizes of the particles of the intermetallic compounds slightly decreased. However, they still existed at the grain boundaries. Figure 2 shows the microstructures of the Al-11mass%Si alloys processed by RD-ECAP, (a) 8 times at 573 K, (b) 16 times at 573 K and (c) 16 times at 573 K after the T6 treatment, respectively. Compared with the as-cast alloy, the particles of silicon and the intermetallic compounds uniformly dispersed in the aluminum matrix. With an increase in the RD-ECAP processing from 8 to 16 times at the same processing temperature of 573 K, the distribution of the particles in the alloy became more uniform. On the other hand, in the sample processed by RD-ECAP after T6 treatment, the particles of silicon are larger than that in the samples without heat treatment. Figure 3 shows the transmission electron micrographs of the alloy processed at 573 K for 4 and 16 times, respectively. After 4 times, the grains became very fine. However, it seems that the grain size did not change greatly with an increase in the number of times processed. That is, the grain size is in the range of 200$400 nm over 4 times. Figure 4 shows the absorbed energy of the samples as a function of the number of RD-ECAP time. The absorbed energy remarkably increases with an increase in the number of RD-ECAP time under all conditions. The samples heattreated under T6 conditions before RD-ECAP exhibit higher absorbed energies than the samples without the heat treatment. The absorbed energy increases from 0.92 JÁcm À2 to 1.08 JÁcm À2 after T6 heat treatment when the number of RD-ECAP time is zero. The increment is only 0.16 JÁcm À2 . However, in the samples processed by RD-ECAP after T6 treatment, the increment of the absorbed energy increases to 1.5 JÁcm À2 . In the sample processed only 4 times at 573 K after T6 treatment, the absorbed energy increases from 2.89 to 4.32 JÁcm À2 . This is almost equal to the absorbed energy of the sample processed 8 times without heat treatment. Figure 5 shows the fracture surface after impact testing, (a) the cast alloy heat-treated under T6 conditions and (b) 16 times at 573 K after T6 heat treatment. In Fig. 5(a) , most of the area of the fractured surface has no plastic deformation trace, showing a brittle fracture surface. However, in the samples that were processed by RD-ECAP, the whole fractured surface exhibits plastic deformed traces, showing a ductile fracture surface. Figure 6 shows the micrographs of the side surface (the left is fracture surface) of the samples, (a) cast alloy heat-treated under T6 conditions and (b) processed by RD-ECAP 16 times at 573 K, respectively. There are many cracks on the side surface in Fig. 6(b) . In contrast, few cracks are found on the side surface for the as-cast alloy. This is the reason why the absorbed energy of the RD-ECAP processed alloy is much higher than that of the as-cast alloy.
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Discussion
As illustrated in Fig. 4 , the absorbed energy of the cast AC8A alloy increased from 0.92 to 1.08 JÁcm À2 by T6 treatment: the increment was only 0.16 JÁcm À2 . However, in the T6 samples processed by RD-ECAP, the increment of the absorbed energy was about 1.5 JÁcm À2 . The effect of the T6 treatment is greater in the RD-ECAP processed alloy than the cast alloy. As illustrated in Fig. 1(b) and Fig. 2(c) , the sizes and the shapes of the silicon do not change greatly when the RD-ECAP is performed after T6 heat treatment. Therefore, the point of interest should be in the change in the aluminum matrix. In the cast alloy, although the silicon particles are rounded and the sizes of the intermetallic compounds slightly decreased by the T6 treatment, grain growth of the aluminum matrix occurred during solution treatment and the particles still exist on the grain boundaries, as shown in Fig. 1 . These particles on the grain boundaries lead to brittle fracture.
On the other hand, in the samples processed by RD-ECAP, the large grains and the aluminum matrix dendrites were broken during RD-ECAP. As shown in Fig. 3 , the grain sizes of the alloy processed over 4 times is around 300 nm. The particles of silicon and the intermetallic compounds uniformly dispersed in the aluminum matrix after RD-ECAP over 4 times. Therefore, although the cracks were produced during impact testing, they did not expand quickly due to the plastic deformation of the aluminum matrix, as shown in Fig.  6(b) . In addition, with a decrease in the grain size, the interface area in the alloy increases. For this reason, the number of particles per unit area of the grain boundaries decreases with RD-ECAP. In addition, in the samples with T6 treatment, the number of particles per unit area decreased even further, because the silicon particles are agglomerated during the solution treatment. Therefore, the absorbed energy of the sample processed only 4 times at 573 K after T6 treatment has an almost equal value with the sample processed 8 times at 623 K.
Conclusions
The effect of heat treatment on impact toughness of the AC8A alloy processed by RD-ECAP was investigated. The following conclusions were obtained.
(1) With an increase in RD-ECAP time, the impact toughness of the alloy greatly increased. However, it was more effective when the RD-ECAP was performed after T6 heat treatment, specially, in the samples processed 4 times. The results show that the combination of the T6 treatment and the RD-ECAP is more effective at improving the impact toughness, as compared to RD-ECAP alone. (2) The absorbed energy of the heat-treated sample followed by RD-ECAP 4 times was 4.32 J/cm 2 , which was much higher than that of the non-heat-treated sample, 2.89 J/cm 2 , and three times higher than the value of the heat-treated but non-processed sample, 1.08 J/cm 2 . (3) In the samples heat-treated under T6 conditions, the particles of the eutectic silicon do not change greatly in size and the shape during RD-ECAP. In addition, these particles are dispersed at random in the aluminum matrix with increase in RD-ECAP time. The sample processed by RD-ECAP only 4 times has an ultra -finegrained microstructure, about 300 nm in size. (4) The samples processed by RD-ECAP over 4 times exhibit a ductile fracture surface, whether T6 treatment was done or not.
